INTRODUCTION
Cathodic arc deposition is an emerging technology for the deposition of amorphous hard carbon films [l-71 . It has the advantage of a high deposition rate combined with the feasibility of large area deposition. Magnetic filtering of the arc plasma removes macroparticles which are produced at the cathode spots along with the plasma, and thus guarantees a high film quality [S, 91. Amorphous hard carbon films formed by cathodic arc deposition are hydrogen-free and exhibit excellent mechanical properties such as high hardness, high mass density, and low coefficient of friction [ 1-71. Applying a pulsed bias to the substrate is an easy and flexible means of modifying the energy of the incident carbon ions. The film properties such as mass density, hardness, coefficient of friction, intrinsic film stress, and elastic modulus depend strongly on the ion energy [1, 5, 6, 10, 111 . The quality of the film-substrate interface and the adhesion of the film can also be strongly influenced by the ion energy. The ion energy can be varied during the film deposition process in order to combine optimized interface qualities and desired film properties [ 121.
We have found in earlier experiments [6, 11, 121 that a pulsed bias voltage of -100 V leads to the hardest films with the highest mass density and the highest stress. At a high bias voltage of -2 kV the films were softer and exhibited a much lower mass density and intrinsic compressive stress. High bias causes a deep intermixing between substrate and film and leads to superior adhesion of the films.
In the present paper we report on mechanical properties of cathodic-arc deposited hard carbon films which were formed at various bias voltages. In particular, we have formed multilayers of alternating hard and soft amorphous carbon films by varying the bias voltage during deposition. "Soft" in this case means films with hardness in the range of 15-25 GPa [63 which is much smaller than the maximum hardness of 60 GPa [12] that can be obtained for films deposited by this method but is still very hard in comparison to other thin films. The multilayers have been investigated by transmission electron microscopy and nanoindentation. Stress measurements have been performed also.
DEPOSITION OF HARD CARBON FILMS
A cathodic arc plasma source consisting of a 6 mm diameter graphite cathode and a cylindrical anode was used for the formation of the carbon plasma. The discharge current was 300A, the source was operated in a pulsed mode with a pulse duration of 5 ms and a repetition rate of 2 Hz. The source was connected to a 90' bent magnetic macroparticle filter. The plasma source and filter are described in detail in [8, 9] . The samples were mounted on a water-cooled sample holder keeping the sample at room temperature during the deposition. A negative pulsed bias voltage was applied to the sample with a pulse duration of 2 ps and a pulse off-time of 6 ps. The bias voltage was in the range between 0 and -2 kV. The film thickness was measured by an oscillating quartz crystal thickness monitor. The base pressure was 10-4 Pa.
Three different multilayer structures have been deposited. All three structures consisted of 8 layers; the first layer at the substrate interface was a soft layer deposited at -2 kV pulsed bias, and the top layer was a hard layer deposited at -100 V pulsed bias. The ratio between the amount of carbon deposited at high and low bias was varied for the three structures. For the first structure the ratio was 50% soft phase/50% hard phase, for the second structure it was 10% soft phase/90% hard phase, and for the third structure it was 90% soft phase/lO% hard phase. The total thickness of the multilayer structures was 250 nm. For comparison, films were deposited at high bias and low bias voltage only with the same total film thickness of 250 nm. Since the mass density of the soft (2.15 g/cm3) and hard (3.0 g/cm3> phases are different, the layer thickness is 25 nm for the hard phase and 35 nm for the soft phase. The soft phase shows a considerable intermixing with the underlying layers (Si or hard phase carbon) due to the high energy of the ions during the deposition whereas the hard phase shows only very small intermixing because the ion energy is low.
NANOINDENTATION
The multilayer structures were investigated using nanoindentation techniques [ 141 to determine the hardness andzlastic modulus. The measurements were performed using a sharp Berkovich diamond indenter. Figs. 2 and 3 show the hardness and elastic modulus of the multilayer structures as a function of the indentation contact depth. 
TRANSMISSION ELECTRON MICROSCOPY STUDIES
The multilayer structure which contained soft and hard layers of equal amounts of carbon was examined by transmission electron microscopy (TEM) using a JEOL 200 CX microscope. Fig. 6 is a cross-section image of the structure. In the upper left comer the silicon substrate is visible, on the lower right comer the glue for the sample preparation. The first dark layer at the silicon-carbon interface is probably an amorphous, atomically mixed layer containing both silicon and carbon. The light layers are phases of soft carbon whereas the dark layers are phases of hard carbon. The multilayer structure of four pairs of layers is clearly visible.
The difference in the thickness of the soft and hard layers is due to the different densities of the layers. Measurements of the mass density of soft and hard single layers determined by electron energy loss spectroscopy (EELS) [ 121 and by Rutherford backscattering spectroscopy and profilometry 161 result in densities of 2.1-2.2 g/cm3 and 2.8-3.0 g/cm3, respectively. This large difference is probably the reason for the difference in the contrast of soft and hard layers in the E M image. The simulation (Fig. 1) predicts a ratio between the thickness of the soft to the hard layer of 1.4 based on the ratio of the densities . The TEM picture shows a ratio of almost 2; this might be due to the additional effect of intermixing and possible softening of the hard layers by ion bombardment during deposition of the following soft layer. This is supported by the fact that the top hard layer is thicker than all other hard layers inside the structure. Fig. 7 is a cross-section image with higher magnification showing on the right hand side the silicon substrate with the corresponding electron diffraction pattern for a (1 12) orientation. The insert on the left side is the electron diffraction pattern for the carbon film indicating an amorphous structure. 
STRESS MEASUREMENTS
Multilayer structures as described above were deposited on 200 pm thin Si wafers with a diameter of 25 mm. The substrate curvature was measured over the central 10 mm of the wafers before and after deposition using a profilometer of the stylus type. The film stress was calculated with the Stoney equation [15] . For comparison the stress of single layers deposited with high bias or low bias only was also determined. Fig. 8 shows that, in contrast to hardness and elastic modulus, the stress is not an interpolation between the data for high and low bias only, but is considerably reduced for the multilayer in comparison to single layers. 
DISCUSSION AND CONCLUSIONS
It is possible to form multilayer structures containing alternating layers of soft and hard amorphous carbon by varying the pulsed bias voltage applied to the substrate during cathodic arc deposition. A computer simulation of the deposition process shows that during the deposition of a soft layer on a hard layer intermixing occurs due to the high energy of the carbon ions necessary for forming a soft layer by cathodic arc deposition. For obtaining multilayers with welldistinguished layers this limits the possible single layer thickness to a minimum of about 10 nm.
The mechanical properties of the multilayers such as hardness and elastic modulus were found to be a linear interpolation between the properties of single layers of the same thickness as the multilayer structure. This might not be the case for all multilayer structures; it is possibIe that the hardness can even be increased by forming multilayers [16-183 with a larger number of layers than has been investigated in this paper. It is very interesting to note that in contrast to hardness and elastic modulus the stress is not a linear interpolation between single layer properties but is considerably lower. It can be expected that-the stress C a n be further reduced by reducing the layer thickness and increasing the number of layers in the structure. This gives the opportunity of changing to a certain degree independently the hardness and stress in the structure. It has been reported for hydrogen-free and hydrogenated amorphous carbon films [l, 5,19 ,203 that hardness (fraction of sp3 bonds) and stress are directly correlated, and models have been developed describing the formation of sp3 bonds as stress-induced 1211. The stress in very hard amorphous carbon films can reach high values, larger than 10 GPa I1 11. Reducing the stress and containing the hardness at the same time was possible only by introducing additional chemical elements in the films as has been described for nitrogen incorporation [22] . The formation of multilayers offers an interesting alternative. It is also possible to deposit amorphous hard carbon films with a gradually varying bias voltage and to tailor in this way the film properties throughout the film the during the growth.
